Introduction of desired transgenes in cells and organisms has emerged as a crucial technology for research and biotechnology, and clinical application of *ex vivo* engineered human cells has demonstrated their therapeutic potential in regenerative medicine and cancer therapy. For instance, the use of reprogrammed T cells that incorporate genetic information for a chimeric antigen receptor (CAR) has lately emerged as a new pillar in cancer treatment, showing remarkable response rates in the treatment of leukemia and lymphoma^[@R1]--[@R3]^. In these therapies, CARs serve as synthetic immune receptors that provide T cells with a new specificity against malignancy-associated antigens, thus directing the immune system to attack and eradicate tumor cells.

To introduce a CAR gene, current protocols rely on viral vectors, which provide efficient gene transfer, but their manufacturing and clinical use is lengthy and expensive. Viral vector-encoded epitopes also bear a risk for inflammatory responses^[@R4]^, and preferential cargo integration in transcribed regions may lead to adverse genomic changes^[@R5]^. The use of non-viral vectors could improve safety and reduce cost, but has been constrained by moderate gene transfer efficiency, limited transgene size and cytotoxicity of vector DNA or RNA^[@R6],[@R7]^. For instance, non-viral genome editing nucleases enable site-specific genome modifications with simplicity and low cost, but they depend on homology directed repair for DNA insertion, which is generally infrequent in primary cells and compromises insertion of large transgenes (such as a \~3 kb CAR gene)^[@R8]^.

DNA transposons constitute a further non-viral alternative for gene delivery. They comprise two essential components: the transposase enzyme and the transposon DNA that contains a genetic cargo flanked by specific DNA end sequences. Conventionally, both components are provided as plasmid DNA vectors and the transposase is expressed in the target cells. After expression, the transposase protein specifically binds the transposon ends of the cargo vector, excises the transgene and integrates it in the genome of the target cell (transposition) ([Fig. 1a](#F1){ref-type="fig"}). As transposons insert DNA self-sufficiently, they elicit comparable transgenesis rates to gammaretroviral and lentiviral vectors^[@R9]^. Simultaneously, they have favorable attributes regarding immunogenicity, insertion profile, cargo capacity (up to 20-150 kb), complexity and cost for clinical implementation^[@R10]--[@R12]^. Recent discoveries in targetable and RNA-guided transposition in bacteria also illustrate the potential of these systems in advanced genetic engineering^[@R13]--[@R15]^.

A widely used transposon system is *Sleeping Beauty* (SB), a synthetic element reconstructed from inactive copies in fish genomes^[@R16]^. Due to its high insertion efficiency in vertebrates, SB has been applied for functional genomics, cancer gene discovery, transgenesis and gene therapy applications (reviewed elsewhere^[@R17]--[@R20]^). In the medical setting, SB is being used in several clinical phase I/II trials for *ex vivo* engineering of therapeutic cells, including production of CAR T cells for cancer immunotherapy^[@R18],[@R19],[@R21][@R22]^. The first two completed clinical trials have shown that CAR T cells produced with SB elicit comparable efficacy to cells generated by virus-based gene transfer, with the added benefit of reduced manufacturing complexity and vector procurement cost^[@R11],[@R22]^.

However, one important shortcoming of current transposon systems, including SB, is that the transposition events that occur in target cells are not well controlled. In particular, the use of transposase-coding DNA causes extended protein expression^[@R22]^ and can even lead to transposase gene acquisition in the target cells^[@R23]^. This lack of control over timing and kinetics of transposase exposure bears the risk for ongoing and uncontrolled transposition, cytotoxicity^[@R24],[@R25]^ and transgene remobilization^[@R26]^, thus adding to concerns about the potential for adverse transformation of the therapeutic cell products. In ongoing trials, the engineered T cells are cultured for 2-4 weeks after SB-mediated CAR gene delivery to ensure transposase clearance and avoid the infusion of aberrant or unstable cell products; yet, this extended culturing compromises cell fitness and therapeutic efficacy^[@R11],[@R22]^. This constitutes a need for improving control and safety of SB, which are also critical requirements for cell and gene therapy in general.

Previous attempts to control transposase exposure have focused on mRNA-based approaches, which shortened the time of protein expression^[@R24],[@R27]^ and reduced toxicity in hematopoietic stem and progenitor cells (HSPCs)^[@R28]^; however, limitations in scalable mRNA production and stability have hampered large scale clinical implementation^[@R29]^. In order to overcome these challenges and achieve precise control of genetic engineering, the direct use of protein is desired^[@R30],[@R31]^, but efficient delivery of transposases has been hampered by challenges in recombinant protein production^[@R32]^ and low solubility in physiological conditions. Transfection of mammalian cells with Mos1, Mboumar-9 and Mu transposase-DNA complexes has been reported^[@R33],[@R34]^, but for SB, protein aggregation, low stability and solubility have remained a major bottleneck for protein production and delivery^[@R32]^.

We have previously determined the structure of the SB transposase catalytic domain, providing an opportunity to rationally engineer advanced SB variants^[@R35]^. Here, we used rational structure-based design to create a high-solubility SB (hsSB) transposase for recombinant production. With this, we developed a transposase protein-based genome engineering strategy and established efficient genetic modification of several mammalian cell lines, primary stem cells, and therapeutic CAR T cells. Our strategy overcomes limitations associated with the use of transposase-coding DNA and allows tight control of transposase activity, which augments safety and opens new possibilities for therapeutic genome engineering.

Results {#S1}
=======

Development of a high-solubility recombinant SB transposase variant {#S2}
-------------------------------------------------------------------

Efficient transfection of mammalian cells generally requires 2-50 μg of protein with ≥95% purity in a small volume (up to 50 mg/ml concentration)^[@R36],[@R37]^. We therefore started by manufacturing the SB transposase at a suitable quality and quantity to enable protein delivery. First, we recombinantly expressed the SB100X transposase protein, a hyperactive SB derivate^[@R38]^, which is functional *in vitro* (Querques, Voigt, Zuliani, Barabas manuscript in preparation). However, SB100X was difficult to purify, provided only modest yields (\~2 mg from 1 liter of *E. coli* culture) and was unstable in the low-salt containing buffers required for electroporation (solubility \<7 mg/ml; [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}), prohibiting protein delivery and transposition. Other known SB variants were similarly difficult to produce at sufficient quantity and quality^[@R32]^.

Therefore, we explored a rational design approach based on our recently determined crystal structure of the SB100X catalytic domain^[@R35]^ and introduced specific amino acid substitutions into SB100X to increase its hydrophilic surface character and solubility ([Fig. 1b](#F1){ref-type="fig"}). First, we selected isoleucine 212 in the target DNA binding surface and substituted it with serine. This mutation was previously shown to elicit hyperactivity in human cells^[@R35]^ and based on its location in the SB100X structure we predicted that it would also increase protein solubility *in vitro*. We found that solubility indeed improved, but not sufficiently to enable efficient transfection. Therefore, we further analyzed the transposase structure to identify another target for enhancing solubility. We selected C176, a single surface-exposed cysteine that could promote protein aggregation^[@R39],[@R40]^. Mutation of C176 into serine, in combination with the I212S substitution, generated a remarkably high-solubility SB (hsSB) variant. As control, we tested mutating other cysteines (C197S, C304S and C316S) that are located inside the core of the catalytic domain, but this compromised protein solubility, consistent with our structural prediction ([Fig. 1b](#F1){ref-type="fig"}). HsSB could be recombinantly expressed and purified at high quality and quantity, yielding up to 6 mg of 99.9 % pure transposase protein from 1 liter of *E. coli* culture ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}), and it was stable at high concentrations (up to 80 mg/ml) in low-salt containing buffers ([Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}).

Next, we probed the stability and transposition activity of hsSB. In thermal melting assays, hsSB showed outstanding thermostability up to 95 °C ([Fig. 1c](#F1){ref-type="fig"} and [Supplementary Fig. 1c](#SD1){ref-type="supplementary-material"}), which provides a distinct advantage for electroporation procedures. Functional analysis confirmed that the hsSB transposase cleaves and integrates transposon end DNA *in vitro* ([Fig. 1d, e](#F1){ref-type="fig"}) and mediates transposition in HeLa cells, when provided from an expression plasmid, with practically identical efficiency as SB100X ([Fig. 1f](#F1){ref-type="fig"}). We further found that hsSB withstood freezing and thawing and remained equally active in transposition assays following long-term storage (up to 12 months at -80 °C).

Taken together, these results show that recombinant production of the hsSB protein is straightforward and that hsSB retains the high transposition activity of SB100X with enhanced solubility and stability.

hsSB protein transfection allows for efficient and controlled cell engineering {#S3}
------------------------------------------------------------------------------

Next, we tested if the purified hsSB protein can be directly delivered to and promotes transposition in HeLa cells using a neomycin-based reporter system^[@R16]^. For this, we transfected cells with a transposon carrying a neomycin resistance (neo^r^) cassette (conferring resistance to geneticin, G418), which can undergo genomic integration upon successful transposase delivery. Following drug selection, the number of G418-resistant clones provided a measure of the transposition efficiency ([Fig. 2a](#F2){ref-type="fig"}). We first transfected the transposon donor plasmid using a cationic transfection reagent and then delivered the hsSB protein via electroporation ([Fig. 2a](#F2){ref-type="fig"}). We obtained robust and dose-dependent transgene insertion, as demonstrated by the gradually increasing number of G418-resistant HeLa cell clones with increasing transposase concentrations, with maximum activity achieved using 10-20 μg of protein (per \~10^5^ cells, [Fig. 2b](#F2){ref-type="fig"}, [Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"}). Transposition efficiency was comparable to the levels obtained with plasmid-based delivery (\>76%, [Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}). Sequence analysis of isolated neo^r^ cells confirmed that the insertions occurred at TA dinucleotides, following the typical integration pattern of SB transposition ([Fig. 2c](#F2){ref-type="fig"} and [Supplementary Table 1](#SD2){ref-type="supplementary-material"}).

We further investigated how long the transposase was present in target cells by Western blot analysis. We observed substantial loss of the hsSB protein 24 hours after electroporation (down to \~17%), whereas cells transfected with hsSB expression plasmids continued to express high protein levels for over 5 days (\>73% of the maximum; [Fig. 2d](#F2){ref-type="fig"} and [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). This short retention time of hsSB implies that direct protein delivery reduces the period of active transposition as compared to DNA or mRNA-based protocols, thus allowing tighter control of transgenesis.

Analysis of the number of transposon insertions into the HeLa cell genome revealed that the integrated transgene copy numbers gradually increased by electroporating increasing amounts of hsSB protein (at constant transposon concentration) into the cells. This direct correlation was not observed when the protein was provided from an expression plasmid ([Fig. 2e](#F2){ref-type="fig"}). Moreover, hsSB protein generated fewer insertions (2-12) per cell than the plasmid-based strategy (8-20) at comparable transgenesis rates ([Fig. 2e, 2b](#F2){ref-type="fig"} and [Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}). As uncontrolled transgene integration can lead to disruption or mis-regulation of nearby genes, lowering the copy number is important to reduce the risk of genomic damage in the target cells. Notably, hsSB could be titrated to generate as few as two insertions per cell, going well below the limit recommended by U.S. and European regulators^[@R41]^.

Efficient transgenesis in diverse mammalian cells {#S4}
-------------------------------------------------

To better quantify hsSB-mediated transposition, we applied a fluorescent reporter system^[@R38]^ ([Fig. 2a](#F2){ref-type="fig"}). We transfected HeLa cells with a transposon plasmid containing the Venus gene, followed by hsSB protein delivery by electroporation. Cells that acquired the transposon plasmid were selected by fluorescence activated cell sorting 2 days post-transfection. The transposition efficiency was then quantified three weeks later by flow cytometric analysis of green fluorescent cells that stably expressed the Venus reporter gene as a consequence of genomic insertion by hsSB ([Fig. 3a](#F3){ref-type="fig"}). We detected a clear, dose-dependent increase in the percentage of fluorescent cells, with the maximum efficiency (41%) achieved with 20 μg of hsSB protein ([Fig. 3a](#F3){ref-type="fig"}, upper panel, and [Fig. 3b](#F3){ref-type="fig"}).

To explore the range of applicability of our technique, we delivered hsSB to Chinese hamster ovary (CHO) cells, which are widely used for the production of protein therapeutics. Using the fluorescence assay described above, we observed a dose-dependent increase of engineered CHO cells, up to a maximum of a 73% transgenesis rate with 20 μg of the hsSB protein ([Fig. 3a](#F3){ref-type="fig"}, middle panel, and [Fig. 3b](#F3){ref-type="fig"}).

As engineering of stem cells is instrumental for developmental biology research, establishment of animal models, and regenerative medicine, we tested hsSB protein delivery in mouse embryonic stem cells (mESCs). We achieved up to 20% transgene insertion in mESCs using 20 μg of the hsSB protein ([Fig. 3a](#F3){ref-type="fig"}, lower panel; [Fig. 3b](#F3){ref-type="fig"} and [Supplementary Fig. 4a](#SD1){ref-type="supplementary-material"}). The engineered cells maintained pluripotency after treatment, as confirmed by immunofluorescence detection of the Oct4 self-renewal marker ([Supplementary Fig. 4b](#SD1){ref-type="supplementary-material"}). We further probed hsSB for genome engineering of primary human CD34^+^ HSPCs. Using an adapted protocol consisting of two sequential electroporations, we achieved successful hsSB-mediated transgenesis (up to 3.33%; calculated as the percentage of stable integrants over all transfected cells, [Fig. 3c](#F3){ref-type="fig"}).

Collectively, these data demonstrate that direct delivery of the hsSB protein leads to efficient genetic engineering of various mammalian cell types including medically relevant primary human cells. We named this protein activity-based cell engineering platform (using recombinant hsSB with any transgene vector) SBprotAct.

Manufacturing of potent CD19 CAR T cells {#S5}
----------------------------------------

To further probe our method in primary human cells and evaluate therapeutic utility, we next tested SBprotAct for CAR T cell manufacturing. We chose a CAR that targets CD19, a well-studied B cell antigen, which is used in most current CAR T therapies^[@R42]--[@R44]^. Minicircles (MCs) as transposon carriers allow better transfection rates and lower cytotoxicity than plasmids^[@R21],[@R28]^. Accordingly, we electroporated CD19 CAR-encoding transposon MCs and the hsSB protein to generate human CD4^+^ and CD8^+^ CD19 CAR T cells. We observed a dose-dependent increase in CD19 CAR-expressing T cells ([Fig. 4a](#F4){ref-type="fig"}), achieving overall integration rates up to 20--30%. This rate is similar to the approved CAR-T product tisagenlecleucel^[@R3]^, which is produced with viral gene transfer and is highly effective in clinical use. Subsequently, before functional analysis, all CAR T cells were enriched to \>90% purity by magnetic-activated cell sorting (MACS) using a truncated epidermal growth factor receptor (EGFRt) as a transfection marker^[@R45]^ ([Fig. 4b](#F4){ref-type="fig"}).

To assess CAR T cell function, we first analyzed the cytolytic activity of CD19 CAR T cells against Raji and JeKo-1 lymphoma cells, and K562 cells stably expressing CD19 as targets *in vitro*. CD19 CAR T cells showed strong lysis of CD19^+^ targets (\> 60% after 4 hours) with low background killing of CD19^-^ controls ([Fig. 4c](#F4){ref-type="fig"}). CAR T cells secreted high concentrations of the effector cytokines IL-2 and IFN-γ (\> 2 pg/ml in 24 hours; [Supplementary Fig. 5a](#SD1){ref-type="supplementary-material"}) and exhibited productive proliferation in response to antigen binding ([Supplementary Fig. 5b](#SD1){ref-type="supplementary-material"}). Genomic DNA of EGFRt-enriched CD19 CAR T cells was used to analyze the copy number and integration site profile of the CD19 CAR transposon. The average copy number of the CAR transgene in SBprotAct transfected cells (0.6 μg of CD19 CAR MC and 10 μg of hsSB) was five, and therefore roughly half of that observed in MC-MC (0.6 μg of CAR MC and 0.5 μg of SB100X MC) DNA controls ([Fig. 4d](#F4){ref-type="fig"}). Analysis of the hsSB-mediated CAR insertion sites revealed a close-to-random genomic integration pattern ([Fig. 4e](#F4){ref-type="fig"} and [Supplementary Fig. 5c,d](#SD1){ref-type="supplementary-material"}). CAR insertions mediated by hsSB occurred 8.5 times more frequently in genomic safe harbors than integrations mediated by an HIV-derived lentiviral vector, causing fewer insertions in exons (3.8 times less), regulatory regions (1.1-1.4 times less) and oncogenes (2.9 times less) ([Fig. 4e](#F4){ref-type="fig"}). This reduced copy number and favorable insertion profile help to minimize the risk of genotoxicity.

Finally, to assess CD19 CAR T cell function *in vivo*, we used a xenograft lymphoma model (NOD scid gamma (NSG) mice / human Raji). CD19 CAR T cells generated with hsSB caused rapid tumor regression within a week after CAR T cell transfer and complete survival of CAR T cell treatment cohorts until the end of the observation period ([Fig. 4f](#F4){ref-type="fig"} and [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). The efficacy of hsSB CAR T cells was similar to and in some mice even exceeded that of the MC-MC controls, showing faster and deeper tumor regression ([Fig. 4f](#F4){ref-type="fig"}). Together, these data indicate that SBprotAct can be integrated into CAR T cell manufacturing and provides therapeutically effective cell products.

hsSB has intrinsic cell penetrating properties {#S6}
----------------------------------------------

Engineering of primary cells is challenging because they are often recalcitrant to transfection and generally sensitive to *ex vivo* manipulation. In order to increase the scope of our method for these cells, we sought to make transposase delivery simpler and gentler within SBprotAct.

Remarkably, we observed that the engineered hsSB protein autonomously penetrates HeLa cells and enters the nucleus when simply added to the culture medium ([Fig. 5a,b](#F5){ref-type="fig"}). To test if hsSB remains functional and can mediate transposition when delivered this way, we electroporated HeLa cells with a MC containing the Venus gene and then added hsSB to the culture medium without a further pulse or use of a transfection reagent ([Fig. 5a](#F5){ref-type="fig"}). Longitudinal Western blot analysis showed hsSB uptake within 4 hours, followed by clearance already 24 hours after delivery ([Fig. 5c](#F5){ref-type="fig"} and [Supplementary Fig. 7a](#SD1){ref-type="supplementary-material"}). Fluorescent cell sorting 3 weeks post transfection revealed up to 12 % Venus-positive cells ([Fig. 5d](#F5){ref-type="fig"}), demonstrating that hsSB mediated effective transgene integration.

Next, we probed a similar procedure for engineering human iPSCs. iPSCs offer great potential for regenerative medicine but are among the most difficult cells to engineer due to their sensitivity to transfection procedures. We first transfected the iPSCs with a Venus-carrying MC using a stem cell specific transfection reagent and then incubated them with hsSB protein-containing medium to allow protein penetration in the cells. hsSB successfully penetrated iPSCs ([Fig. 5e](#F5){ref-type="fig"} and [Supplementary Fig. 7b](#SD1){ref-type="supplementary-material"}) and flow cytometry of the treated cells after three weeks revealed transgenesis efficiencies up to 3.31% (calculated as the percentage of stable integrants at 3 weeks over all transfected cells, [Fig. 5f](#F5){ref-type="fig"}). This indicates that hsSB's non-invasive cell penetration helps to genetically modify iPSCs.

Finally, we tested if the intrinsic cell penetration property of hsSB can be exploited for T cell engineering ([Fig. 6a](#F6){ref-type="fig"}). We first analyzed hsSB penetration in primary T cells by immunofluorescence imaging, which demonstrated protein uptake in both stimulated and non-stimulated cells within 3 hours ([Fig. 6b](#F6){ref-type="fig"} and [Supplementary Fig. 8a](#SD1){ref-type="supplementary-material"}). hsSB effectively entered the nucleus also in non-dividing cells, consistent with active transport using its intrinsic nuclear localization signal^[@R46]^. To probe transposition, we electroporated T cells with CD19 CAR MC and added hsSB to the cell culture media. This successfully generated human CD8^+^ CD19 CAR T cells at an overall transgenesis frequency of 5-7 % ([Fig. 6c](#F6){ref-type="fig"}). CAR T cells were then enriched up to 90% purity by MACS^[@R45]^ and showed potent lysis of CD19^+^ target cells, as well as high levels of effector cytokine secretion ([Fig. 6c,d](#F6){ref-type="fig"} and [Supplementary Fig. 8b](#SD1){ref-type="supplementary-material"}). CAR T cells produced with this procedure showed an average number of four insertions, which is similar to the numbers observed with protein electroporation (5 insertions; [Fig. 4d](#F4){ref-type="fig"}), but lower compared to the CAR MC - SB MC DNA based protocol (6-8 insertions; [Fig. 6e](#F6){ref-type="fig"}).

These data demonstrate that hsSB spontaneously enters diverse cells and retains its ability to mediate transposition, an unanticipated feature that can help promote gentle engineering of hard-to-transfect and transfection-sensitive cells. Future efforts will be directed at optimizing transgenesis rates to enable efficient clinical use, exploring possibilities for additional simplifications and analyzing how cell fitness and therapeutic efficacy are affected by delivery conditions.

Discussion {#S7}
==========

Using rational protein design, we have created an SB transposase that allows efficient transgenesis in target cells by direct protein administration. hsSB achieves efficient modification of mammalian cells, as demonstrated herein by the engineering of HeLa, CHO, T cells and stem cells (mESCs, HSPCs and iPSCs), and promotes production of potent CAR T cells for medical use. Uniquely, hsSB penetrates cellular membranes by itself, opening new opportunities for engineering sensitive cell types.

Relying on hsSB, the SBprotAct platform outperforms current technologies in two important respects. As for all integrating vectors, transgene insertion by SB can cause insertional mutagenesis, activation of proto-oncogenes, and genome rearrangements. This risk is proportional to the number of transgene integrations per genome and can be alleviated by controlled reduction of the integration events. We have shown that SBprotAct permits controlled reduction of transposon copy numbers down to levels that are considered acceptable by U.S. and European regulators and ensures low variance between individual cells. This level of control could not be accomplished by conventional transfer vectors, which generate higher numbers of integrations and considerably higher variance ([Figs. 2e](#F2){ref-type="fig"}, [4d](#F4){ref-type="fig"}, [6e](#F6){ref-type="fig"})^[@R47]^. Additionally, it can be inferred that the short half-life of hsSB in cells adds to the fidelity of SBprotAct. The SB transposase can excise and integrate transposable elements multiple times, which creates a risk for mutations, as each remobilization leaves a genetic footprint^[@R48]^. Examination of CAR T cell products from a phase I clinical trial with a CD19-CAR has shown that the transposase plasmid was still present 21 days after transfection in 5 out of 8 autologous CAR T cell products, likely allowing for multiple transposition cycles^[@R22],[@R49]^. In contrast, SBprotAct reduces transposase exposure to less than three days, which diminishes the risk for multiple transposition cycles and guarantees a cell product that is free from residual transposase.

Due to the special properties of the hsSB transposase, SBprotAct has a range of possible applications. The high transgenesis rates observed in CHO cells offer applications in the pharmaceutical industry, since CHO constitute the main manufacturing platform for protein therapeutics (or biologics, e.g. therapeutic antibodies). The ability to customize the number of inserted transgene copies per cell is an additional benefit in this regard, because the optimal gene dosage is directly linked to the yield of the therapeutic product^[@R50]^. Further, SBprotAct is well suited for all gene therapy applications that require *ex vivo* manipulation of cells to correct a genetic defect by gene insertion. We have shown that the platform works reliably in embryonic, hematopoietic and induced pluripotent stem cells as well as in human T cells, all of which are important cell types for gene therapy. We further provided proof-of-concept that hsSB's unique cell penetrating property permits to engineer hard-to-transfect and transfection-sensitive cells. Whereas transgenesis rates may require further optimization for clinical use, hsSB penetration opens new possibilities for future advances. For instance, non-invasive transposase administration can help simplify cell manufacturing protocols and may be beneficial for preserving cell fitness for downstream clinical use. Due to its intrinsic nuclear localization signal^[@R46]^, cytoplasmic hsSB can actively enter the nucleus, potentially enabling applications in non-dividing cells. Ultimately, hsSB penetration may provide new means to deliver diverse molecular cargos, including chemicals, dyes and macromolecules into cells on demand.

Furthermore, we have shown that SBprotAct allows convenient manufacturing of CAR T cells. Notably, the CD19 CAR T cells generated by SBprotAct exhibited equivalent effector functions to cells produced by SB100X MC, despite having fewer CAR gene copies. This indicates that the lower copy number was sufficient to reach a level of CAR surface expression at which a further increase did not enhance CAR T cell function.

Much effort is currently devoted to reducing *ex vivo* manipulation of CAR T cells^[@R51]^ to preserve their longevity and fitness, which are important factors for their anti-tumor activity^[@R52],[@R53]^. Given the direct onset and fast decline of transposition with a total absence of residual transposase 72 hours after transfection, SBprotAct is compatible with rapid cell manufacturing protocols. As primary T cells are sensitive to transfection procedures, hsSB's cell penetration property can further help to reduce the number of transfection steps, simplify production and preserve cell fitness. Moreover, immunogenicity, which is caused by the presence of foreign protein or DNA, can lead to rejection of engineered cell grafts by the patient. Patient immune responses against CAR T cells have been observed in clinical trials and were associated with reduced anti-tumor activity^[@R54],[@R55]^. In addition to the CARs themselves, modified cells may also present vector-encoded immunogenic epitopes^[@R4]^. The fish-derived SB transposase is probably immunogenic in humans, but the short half-life of hsSB essentially reduces the immunogenic potential of engineered cells to that of the genetic cargo alone. From a regulatory point-of-view, the low immunogenic potential and the absence of transposase activity after 72 hours promotes an early release of the cell product^[@R19]^. Thus, SBprotAct enables the generation of genetically stable and transposase-free CAR T cells within a time window of 3 days, or even below.

Therefore, we anticipate that SBprotAct will be a valuable tool for CAR T and other gene therapies and elicit a significant impact on their cost and accessibility. The hsSB transposase is compatible with large-scale and automated production, and the quality and regulatory requirements are similar to other therapeutic proteins, such as monoclonal antibodies. Thus, the manufacturing and implementation of hsSB into clinical trials should be straightforward. Moreover, hsSB's profound stability and the ability to freeze and thaw the protein without compromising its activity allows shipping to point-of-care locations. As SBprotAct contains no infectious agents, it can be handled at the lowest biosafety level, which permits engineering of therapeutic cells directly at the point-of-care instead of in few specialized centers. Of note, convenient production and stability of hsSB provide a particular asset over mRNA-based approaches, which also helped to shorten the timeline of genome engineering compared to DNA-based protocols^[@R24],[@R27]^ but limitations in production and low stability of mRNA have hampered clinical implementation. In particular, *in vitro* transcription or synthesis of suitably modified mRNA is cumbersome under clinical-grade conditions and its sensitivity to heat and degradation during transport, storage and cellular delivery make it challenging to ensure quality control standards for use in large patient cohorts. Direct delivery of hsSB can be leveraged to overcome these shortcomings.

Compared to other genetic engineering tools, transposon-based systems offer several advantages for clinical gene delivery, including high integration efficiency, simple and cost-effective vector manufacturing, large cargo capacity (up to 20-150 kb) and an unbiased genomic insertion profile^[@R10],[@R11],[@R19],[@R56]^. However, an obvious constraint of transposon tools is the generally nonspecific nature of their target site selection, which leads to integration at diverse positions throughout the recipient genome. Although transposon vectors did not cause noticeable genotoxicity in clinical trials to date, minimizing the risk is highly desired for broad public use. Genome editing nucleases (such as zinc-finger nucleases, TALENs or CRISPR/Cas9) offer site-specific genome modifications, but their efficiency is limited for inserting large transgenes. A recent report has shown CRISPR-mediated insertion of up to 1.5-kb cargo in human T cells^[@R57]^, but delivery of larger inserts (such as a \~3 kb CAR gene) could not be achieved. The induction of genomic double strand DNA breaks was also recently shown to create a risk for genomic rearrangements^[@R58]^ and malignant transformation^[@R59],[@R60]^ in the target cells. Looking forward, combination of site-specific genome editing and transposon technologies could provide an attractive solution, merging the advantages of both methods to advance safety and efficiency of genetic engineering in research and biomedicine. Recent discoveries of targetable transposition in bacteria^[@R13]--[@R15]^ and advances in the development of transposase hybrids^[@R61]--[@R63]^ clearly demonstrate the feasibility of this approach, although more work is needed to establish utility in eukaryotic cells. By virtue of its high efficiency in mammalian cells, hsSB could be an attractive candidate for future developments in this context. The possibility of direct transposase delivery or penetration is of particular relevance, as nucleoprotein complex administration is emerging as the preferred method in genome editing clinical trials^[@R64]^.

In conclusion, we expect that SBprotAct, due to its simplicity and versatility, will substantially lower manufacturing costs and help raise the accessibility of gene and cell therapies as compared to the current standard. Implementation of SBprotAct for engineering of further cell types, such as induced pluripotent stem cells, natural killer cells, retinal, epithelial and neuronal cells, could also offer new opportunities in research, molecular and regenerative medicine. Future efforts could help to further reduce cell manipulation by co-delivery or co-penetration of transposase and transgene; and development of a SB transposase with targeted genomic insertion, for example by structure-based design, would provide an important asset for precision genome editing. The platform could also be combined with the orthogonal CRISPR/Cas technology to link site-specific genome editing of programmable nucleases with efficient gene delivery of the SB transposase. As use of other transposases (e.g. the piggyBac transposase) is hampered by similar challenges in protein production and delivery, applying our protein design approach could facilitate their implementation in manifold genetic engineering applications.

Methods {#S8}
=======

Protein expression and purification {#S9}
-----------------------------------

The full-length SB100X transposase (hereafter named SB) was provided from vector pETM-22-SB^[@R35]^ (containing a 6xHis-thioredoxin fusion tag) for over-expression in *E. coli*. To generate the hsSB transposase, I212S and C176S mutations were introduced via site-directed mutagenesis (protocol adapted from^[@R65]^; primers listed in [Supplementary Table 2](#SD2){ref-type="supplementary-material"}). All transposase variants were expressed in *E. coli* and purified according to the protocol described in^[@R35]^. In short, cell pellets were lysed by sonication and proteins were purified from the soluble fraction via Ni-affinity chromatography on a HisTrap column (GE Healthcare), followed by tag cleavage with the PreScission protease, tag removal on a Ni-affinity column, and size exclusion chromatography on a Superdex 200 16/60 column (GE Healthcare). Proteins were assessed for purity by SDS-PAGE ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}).

Circular dichroism (CD) spectroscopy {#S10}
------------------------------------

CD spectra of SB100X and hsSB proteins (7.6 μM, in 1× phosphate buffered saline (PBS), pH 7.5 and 200 mM NaCl) were recorded on a Jasco J-715 spectropolarimeter using fused silica cuvettes (1 mm) thermostated with a PTC-348WI Peltier unit. Thermal stability was assessed by monitoring the ellipticity at 206 nm while heating the sample at a rate of 1 °C/min.

*In vitro* activity analysis {#S11}
----------------------------

*In vitro* activity analysis of SB100X and hsSB proteins was performed using cleavage and integration assays described in Voigt et al.^[@R35]^ and in (Querques, Voigt, Zuliani, Barabas manuscript in preparation).

Cell culture {#S12}
------------

HeLa Kyoto cells (RRID:CVCL_1922) were maintained in DMEM medium supplemented with 10% (v/v) foetal bovine serum (FBS, Sigma-Aldrich) and 2 mM L-glutamine (Life Technologies). CHO cells (Invitrogen; R758-07) were maintained in F12 K medium containing 10% (v/v) FBS. Mouse ESCs (AB2.2 ES cell line (*Mus musculus*), ATCC, courtesy of P. Neveu, EMBL Heidelberg) were maintained without feeders in "LIF+serum" medium composed of DMEM (high glucose, no glutamine, with sodium bicarbonate, Invitrogen) supplemented with 15% (v/v) ES-qualified foetal calf serum (EmbryoMax, Millipore), 10 ng/ml murine LIF (PepCore, EMBL Heidelberg, Germany), 1× non-essential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.1 mM β-mercaptoethanol (all Invitrogen) on culture dishes (Thermo Fisher) coated with 0.1% (v/v) gelatine (Sigma-Aldrich) solution. The medium was changed daily, and cells were passaged every other day with 0.05% Trypsin-EDTA (Invitrogen) at passaging ratios of 1/6--1/8. Induced pluripotent stem cells (iPSC) derived from human peripheral blood mononuclear cells were kindly provided by Dr. Michael Snyder laboratory (Stanford University, USA). iPSCs were cultured in Essential 8 media (Life Technologies) in recombinant human Vitonectin-coated surfaces (0.5 mg/mL; Life Technologies). The medium was changed every day and cells were passaged using Versene solution (Life Technologies) every 3 to 5 days, before they reached \~85% confluence. CD34^+^ cells were purified from apheresis products collected after peripheral blood stem cell mobilization induced by means of injections of granulocyte-colony stimulating factor. Apheresis products were obtained from independent, healthy donors after informed consent and with approval of the responsible ethics committee (Goethe University, Permit \#329/10). Harvested material was first subjected to red blood cell lysis using ACK Buffer (Invitrogen) and then to positive selection by magnetic cell separation using the MACS human CD34 MicroBead Kit, MACS separator and MACS LS columns (Miltenyi Biotec) according to the manufacturer's instructions. Purity was over 95% by staining with an APC mouse anti-human CD34 antibody (BD Pharmingen). All cell lines and primary cells were maintained at 37 °C in a humidified 5% CO~2~ atmosphere.

Transposition assays using SB coding plasmids in HeLa cells {#S13}
-----------------------------------------------------------

Transposition efficiency of SB100X and hsSB proteins were quantified in HeLa cells using a modified form of the protocol described by Ivics et al.^[@R16]^. One day prior to transfection, cells were plated in a 6-well plate at a density of 3 × 10^5^ cells per well. Transfection was performed with 0.5 μg of pT2/PGK-neo plasmid (containing a PGK promoter-driven neomycin resistance gene flanked by the SB transposon ends on a pBluescript II KS backbone)^[@R66]^ and 0.5 μg of the pCMV(CAT)T7-SB^[@R38]^ or the pCMV(CAT)T7-hsSB plasmid (encoding SB100X or hsSB protein, respectively) using JetPei transfection reagent (Polyplus-transfection). After a recovery period of 24 h, transfected cells were trypsinized in a total volume of 1 ml (in one well of a 6-well plate), and 10 μl aliquots of the cell suspension ([Fig. 1f](#F1){ref-type="fig"}) or 16,500 cells ([Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}) were re-plated onto 10 cm dishes. The medium was exchanged for selection medium containing 1 mg/ml G-418 (Geneticin, Life Technologies) 24 h later. Cells were selected for two weeks by replacing the selection medium twice a week. After selection, surviving colonies were fixed, stained with methylene blue (Sigma-Aldrich) and counted using ImageJ (Colony Counter plugin) software.

Transposition assays using hsSB protein electroporation in HeLa cells, CHO cells and mESCs {#S14}
------------------------------------------------------------------------------------------

hsSB protein was prepared for electroporation as follows: purified hsSB was dialysed in two steps against buffer containing 20 mM HEPES, 300 mM NaCl, 1 mM MgCl~2~ and 0.2 mM TCEP, pH 7.5 and concentrated to 20 mg/ml using Vivaspin 2 concentrators (Sartorius). Protein samples were filtered using 0.22 μm centrifugal filters (Merck Millipore) prior to electroporation into cells. The activity of hsSB was quantified by drug selection or FACS using modified protocols from Ivics et al.^[@R16]^. HeLa cells, CHO cells and mESCs were plated one day prior to transfection in a 6-well plate at a density of 3 × 10^5^ cells per well. Cells were transfected with 0.5 μg of the pT2/PGK-neo plasmid or 1 μg of the pT2/Venus plasmid^[@R38]^ (containing a neomycin resistance gene and a Venus gene, respectively, flanked by the SB transposon ends) per well. HeLa cells were transfected using JetPei (Polyplus-transfection) transfection reagent (observed transfection efficiency 20-30%). CHO and mESCs were transfected using FuGENE (Promega), resulting in transfection efficiencies of 6-14% for CHO and 5-9% for mESCs. After a recovery period of 4.5 h, cells were trypsinized, washed with PBS and resuspended in R buffer (Neon system) at a cell density of 3--3.5 × 10^7^ cells per ml. For each condition, 10 μl of the cell suspension (containing 3--3.5 × 10^5^ cells) was transfected with 2 μl protein solution containing increasing amounts of hsSB using a Neon transfection system (10 μl kit, Thermo Fisher Scientific; see [Supplementary Table 3](#SD2){ref-type="supplementary-material"} for the settings). Following electroporation, cells were plated onto 6-well plates containing medium and incubated at 37 °C in a 5% CO~2~ atmosphere.

In transposition assays by drug selection, cells were trypsinized after a recovery period of 24 h in a total volume of 1 ml, and 100 μl of the cell ([Supplementary Fig. 4a](#SD1){ref-type="supplementary-material"}) suspension or 16,500 cells ([Fig. 2b](#F2){ref-type="fig"}) were plated onto 10 cm dishes containing medium. Selection, staining and quantification of the surviving colonies were performed as described for the plasmid-based assays. In transposition assays by FACS, cells were sorted 2 days after electroporation to obtain a pure population of Venus-expressing cells, which had acquired the pT2/Venus plasmid. Twenty-one days after electroporation, the percentage of Venus-positive cells (in whose genome the Venus cassette was stably integrated by hsSB) was quantified by FACS to determine the transposition efficiency.

Transposition assays using hsSB protein electroporation in HSPCs {#S15}
----------------------------------------------------------------

Prior to nucleofection, CD34^+^ HSPCs were pre-stimulated for 2 days in StemSpan serum-free medium (StemCell Technologies) supplemented with 2 mM L-glutamine, 5 U/ml penicillin, 5 μg/ml streptomycin and the following cytokine cocktail: 100 ng/ml hSCF, 100 ng/ml hFlt3-ligand, 100 ng/ml TPO (PeproTech) and 25 μg/ml of human LDL (StemCell Technologies). Cells were maintained under standard liquid cell culture conditions at a cell density of 0.5--1 × 10^6^ cells per ml. 2 × 10^6^ cells per sample were nucleofected with 10 μg of a Venus-encoding SB transposon minicircle^[@R28]^ (MC-Venus; observed transfection efficiency 67%) and one day later with 10 μg hsSB protein (prepared as described above). Nucleofection was performed using the 4D Nucleofector (Lonza) with P3 buffer (100 μl per condition) and the E0100 program. After nucleofection, cells were resuspended in 2 ml of complete StemSpan serum-free medium (StemCell Technologies) supplemented with 2 mM L-glutamine, 5 U/ml of Penicillin, 5 μg/ml Streptomycin and the following cytokine cocktail: 100 ng/ml hSCF, 100 ng/ml hFlt3-Ligand, 100 ng/ml TPO (PeproTech) and 25 μg/ml of human LDL (StemCell Technologies). Cells were maintained under liquid standard cell culture conditions at a cell density of 0.5-1x10^6^ cells per ml until up to 3 weeks post-nucleofection. Transposition efficiency was calculated as the percentage of Venus positive cells 21 days post-delivery over the percentage of Venus positive cells 2 days post-delivery.

Transposition assays using autonomous hsSB transposase penetration in HeLa cells and iPSCs {#S16}
------------------------------------------------------------------------------------------

hsSB protein was prepared as for electroporation. HeLa cells were plated one day prior to transfection in a 6-well plate at a density of 3 × 10^5^ cells per well in DMEM medium supplemented with 10% (v/v) FBS (Sigma-Aldrich) and 2 mM L-glutamine (Life Technologies). Transposon transfection was performed with 0.5 μg of MC-Venus per well using JetPei (Polyplus-transfection) transfection reagent, resulting in transfection efficiencies of 73-85%. After a recovery period of 4.5 h, cells were washed in serum-free media to remove residual transfection reagents. Cells were then incubated with 1 ml DMEM serum-free medium (SFM) containing 39 or 78 μg of hsSB protein (1-2 μmol/liter hsSB concentration) per well. After 1 h incubation, the media was replaced with fresh serum-containing media without hsSB and the cells were incubated at 37 °C in a 5% CO~2~ atmosphere. Induced pluripotent stem cells (iPSC) were plated one day prior to transfection in a Vitonectin-coated 6-well plate at a density of 3 × 10^5^ cells per well in Essential 8 media (Thermo Fisher). Transposon transfection was performed with 0.5 μg MC-Venus per well using Lipofectamine Stem (Thermo Fisher) transfection reagent, yielding 70-88% transfection efficiency. After a recovery period of 4.5 h, cells were incubated with 0.25 μmol/liter hsSB protein (9.75 μg of hsSB in 1 ml of media) in serum-free media (Opti-MEM I Medium; Thermo Fisher). After an incubation time of 1 h, the hsSB-containing media was replaced by the full media (Essential 8) without hsSB and the cells were incubated at 37 °C in a 5% CO~2~ atmosphere. Three days post-transfection, iPSCs were analyzed by FACS to determine the percentage of cells that acquired the MC-Venus. Fluorescent cells were counted again after 21 days to quantify the cells that have integrated the Venus gene into the genome. Transposition efficiency was calculated as the percentage of Venus positive cells 21 days post-delivery over the percentage of Venus positive cells 3 days post-delivery.

Flow cytometry {#S17}
--------------

Two days post-transfection, HeLa cells, CHO cells and mESCs were dissociated to a single-cell suspension with 0.05% Trypsin-EDTA (Invitrogen), resuspended in D-PBS containing 2% BSA and 2.5 mM EDTA, strained through a 40 μm cell strainer (BD Biosciences) and sorted on a BD FACSMelody™ or a BD FACSAria Fusion™ flow cytometer (BD Bioscience). Only Venus^+^ cells were collected for further culturing. After 21 days, the cells were measured for Venus expression and PI- or DAPI-staining was used to determine live/dead cells. Flow cytometry measurements were performed on a BD LSRFortessa, BD Accuri or Beckman Coulter Cyan flow cytometer. When necessary, GFP/PI fluorescent spillover was compensated with the according controls. Detection of Venus^+^ human CD34^+^ HSPCs was performed up to three weeks after nucleofection using a BD LSR II flow cytometer (BD Biosciences). iPSC were dissociated to a single-cell suspension with Versene Solution (Life Technologies), resuspended in D-PBS containing 2% BSA and 2.5 mM EDTA, strained through a 40 μm cell strainer (BD Biosciences) and the percentage of fluorescent cells was measured on a BD LSRFortessa™ flow cytometer. DAPI-staining was used to exclude dead cells. The results were analysed using FlowJo software or the FCS Express 4 Flow Cytometry software (De Novo Software).

CAR T cell generation {#S18}
---------------------

Peripheral blood was obtained from healthy donors after written informed consent to participate in a research study. The study was approved by the Institutional Review Board of the University of Würzburg. Mononuclear cells were isolated by density centrifugation with Biocoll separating solution (Biochrom), and CD4^+^ and CD8^+^ T cells were sorted by negative isolation with immuno-magnetic associated cell sorting (MACS, Miltenyi). CD8^+^ and CD4^+^ primary human T cells were activated by anti-CD3/CD28 bead stimulation (Thermo Fisher). For assays in [Fig. 4](#F4){ref-type="fig"}, two days after activation, CD19 CAR_EGFRt-encoding transposon MC and hsSB protein were transfected consecutively using a 4D-Nucleofector according to the manufacturer's instructions (Lonza). 2 x 10^6^ T cells were pulsed with 10 μg hsSB in a volume of 20 μl. LV transduction of controls was performed on day one by spinoculation. CAR T cells were propagated in RPMI-1640 with 10% (v/v) human serum, 2 mM L-glutamine, 100 U/ml penicillin-streptomycin and 50 U/ml IL-2. CAR-modified (i.e. EGFRt-positive) T cells were enriched using biotin-conjugated anti-EGFR mAb and anti-biotin beads (Miltenyi) and expanded with irradiated CD19^+^ feeder cells for 7 days. Functional analysis of CAR T cells was performed as described elsewhere^[@R67]--[@R69]^. For assays in [Fig. 6](#F6){ref-type="fig"}, two days after activation, 1 x 10^6^ T cells were transfected with 0.5 μg CD19 CAR_EGFRt-encoding transposon MC in a volume of 20 μl using a 4D Nucleofector according to the manufacturer's instructions (Lonza). Directly after electroporation, cells were incubated with 20 μg hsSB in a volume of 500 μl RPMI-1640 serum-free medium for 4 hours. Then, the medium was replaced with fresh serum-containing medium without hsSB. CD8^+^ T cells were cultured in RPMI-1640 with 10% (v/v) human serum, 2 mM L-glutamine, 100 U/ml penicillin-streptomycin and 50 U/ml IL-2 for additional five days. Then, CD3/CD28 beads were removed and CAR-modified (i.e. EGFRt-positive) T cells (\~6.3% of the initial population, as determined by flow cytometry) were enriched using biotin-conjugated anti-EGFR mAb and anti-biotin beads (Miltenyi) and expanded using irradiated CD19^+^ feeder cells.

Xenograft mouse model {#S19}
---------------------

The Institutional Animal Care and Use Committee of the University of Würzburg approved all mouse experiments. The NSG/Raji model has previously been described^[@R68]^. In brief, six- to eight-week-old female NSG mice were obtained from Charles River Laboratories and inoculated with 5 × 10^5^ firefly luciferase expressing Raji tumour cells by tail vein injection on day 0. On day 7, groups of n = 5 mice received intravenous injections of 5 × 10^6^ CAR-modified or unmodified T-cells, containing a 1:1 ratio of CD8^+^ and CD4^+^ cells. Bioluminescence imaging was performed on an IVIS Lumina (PerkinElmer) following intraperitoneal injection of D luciferin (Biosynth) at 0.3 mg per g body weight, and the data were analysed using LivingImage software (PerkinElmer).

Western blot analysis {#S20}
---------------------

Cells were harvested, washed twice with PBS and sonicated (eppi sonicator; amplitude 65%) in RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.1% SDS) for lysis. Total protein extracts (20 μg) were separated by gel electrophoresis (NuPage 4--12%; Life Technologies) and transferred to a nitrocellulose membrane using a semi-dry transfer system (Bio-Rad). Membranes were probed with Sleeping Beauty transposase antibody, polyclonal goat IgG (R&D). The internal loading controls were glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or lamin B1/B2 and were detected with an anti-GAPDH (Biozol) or anti-lamin B1/B2 (X223, Invitrogen) antibody, respectively. The intensities of the bands were measured using Image Lab Software (Bio-Rad).

Sequence analysis of SB insertions in the HeLa cell genome {#S21}
----------------------------------------------------------

Genomic DNA from neo-resistant homogenous HeLa clones was purified using the Genelute Mammalian Genomic DNA Kit (Sigma). For identification of insertion sites, we adapted the TRACER protocol^[@R66]^ so that PCR amplicon libraries generated by the two-step PCR protocol can be directly sequenced on the Illumina (ILMN) sequencer. Briefly, neomycin transgene insertions were PCR amplified using specific primers for the left end (Left_end) and right end (Right_end) and a random primer (Random_primer) ([Supplementary Table 2](#SD2){ref-type="supplementary-material"}). All the primers were extended by an ILMN sequencer compatible sequence 'handle' (underlined in the primer sequences) for further sequencing. The first PCR was run applying stringent annealing temperature to minimize the background caused by spurious priming^[@R66]^. After the 1^st^ PCR, 1 μl of the PCR mixture was transferred as a template to the 2^nd^ PCR; this step is used to incorporate sequences required for clustering on the ILMN sequencer flowcell and include sequence indices/barcodes enabling multiplexing of individual libraries. Equimolar amounts of purified, individually barcoded libraries were pooled and sequenced bi-directionally on ILMN sequencer MiSeq, each read 250 bases long. The data analysis was carried out using custom scripts. Briefly, we first aligned the data to the hg19 human reference genome using BWA^[@R70]^. We then filtered alignments for a mapping quality \>=10 and for reads that contain the CTCAG recognition site or its reverse complement (CTGAG) at the expected location (i.e., after the random 7 bp start). In addition, we required that a small stretch of the transposon sequence is present in the respective read sequence. We then clustered all these reads by extending their mapping locations +/-300bp using BEDTools^[@R71]^ and annotated each cluster with the number of supporting reads and whether the left end or right end of the insertion was observed. All predicted insertion sites were manually inspected and verified using IGV^[@R72]^ and annotated with genomic features using the UCSC Genome Browser ([http://genome.ucsc.edu](http://genome.ucsc.edu/)) ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}).

Transposon copy number analysis {#S22}
-------------------------------

Genomic DNA from neo^r^-positive HeLa cells was purified using the Genelute Mammalian Genomic DNA Kit (Sigma), and the PureLink Genomic DNA Mini Kit (Invitrogen) was used for CD19 CAR T cells. The average number of neomycin-resistance transgene insertions was measured by digital droplet PCR as follows: 200 ng of genomic DNA (gDNA) was digested with 20 units of DpnI restriction enzyme (NEB) in 30 μl final reaction volume overnight to eliminate non-integrated transposon plasmid DNA present in the samples. Next, the DNA was fragmented with CviQI (NEB) for 4 h at 25 °C. The samples were subjected to PCR amplification using Taqman probes and primers specific for the right end of the transposon and for the single-copy human RPP30 gene to measure the genome count. The PCR reactions were performed in 20 μl final volume with 10 ng of fragmented gDNA using the ddPCR Supermix for Probes (No dUTP) master mix (Bio-rad) with 11 pmol primers and 50 pmol of TaqMan probes (for sequences of primers and probes see [Supplementary Table 2](#SD2){ref-type="supplementary-material"}). The PCR droplets were generated in the QX100 device (Bio-rad). The program was 95 °C 10 min; 40 cycles of 94 °C 30 s, 50 °C 30 s, 60 °C 1 min; 98 °C 10 min. After thermal cycling, the fluorescent droplets were counted in the QX100 Droplet Reader (Bio-rad), and genomic copy numbers were calculated with the Quanta Soft program (Bio-Rad).

Sequence analysis of SB insertions in the T cell genome {#S23}
-------------------------------------------------------

A modified version of the protocol from Monjezi et al.^[@R21]^ was used. Briefly, 1 μg of the gDNA of T cells containing SB protein-mediated transposon insertions were sheared with a Covaris M220 ultrasonicator to an average fragment size of 600 bp. Sheared DNA was blunted and 5'-phosphorylated using the NEBNext End Repair Module (NEB), and 3'-A-tailed with NEBNext dA-Tailing Module (NEB), following the recommendations of the manufacturer. DNA was purified with AMPure XP magnetic beads (Beckman Coulter) and ligated with 50 pmol of T-linker (see below) with Blunt/TA Ligase Master Mix (NEB) in 20 μl at room temperature for 15 min. T-linkers were created by annealing 100 pmol of the oligonucleotides Linker_TruSeq_T+ and Linker_TruSeq_T-. Non-integrated transposon donor plasmid DNA present in the ligation reactions was digested with DpnI (NEB). After bead-purification, 6 μl of eluate was used for PCR I with 25 pmol of the primers specific for the linker and for the transposon end (Linker and T-Bal-Long) with the following conditions: 98 °C 30 s; 10 cycles of 98 °C 10 s, 72 °C 30 s; 15 cycles of: 98 °C 10 s, ramp to 62 °C (1 °C/s) 30 s, 72 °C 30 s; 72 °C 5 min. All PCR reactions were performed with NEBNext High-Fidelity 2× PCR Master Mix (for PCR primer sequences see [Supplementary Table 2](#SD2){ref-type="supplementary-material"}). The PCR products were bead-purified, eluted in 20 μl of water and 10 μl was used for PCRII with the primers PE-nest-ind-N and SB-20-bc-ill-N, using the following PCR program: 98 °C 30 s; 15 cycles of 98 °C 10 s, ramp to 64 °C (1 °C/s) 30 s, 72 °C 30 s; 72 °C 5 min. The final PCR products were separated on a 1% agarose gel and the smears of 200--500 bp were gel-isolated and purified. The libraries were sequenced on an Illumina HiSeq2500 instrument using single end, 100 nucleotide, sequencing (Genewiz, USA).

The detailed bioinformatic analysis is described elsewhere^[@R21]^. Briefly, the sequences of the amplified transposon sequences and Illumina adaptors were trimmed, and the remaining reads were subjected to quality-trimming using R and various Bioconductor packages^[@R73]^. The reads were mapped to the human genome (hg19) with Bowtie^[@R74]^ allowing unique matching. Only insertions supported by at least 10 independent mapped reads were considered valid. Human genomic features downloaded from the UCSC Genome Browser ([http://genome.ucsc.edu](http://genome.ucsc.edu/)) were used to annotate the transposon insertion sites and 10,000 random genomic positions as a reference set. The list of cancer-related genes was downloaded from <http://www.bushmanlab.org/links/genelists>. The list of ultra-conserved elements was described in^[@R75]^. The coordinates of miRNA genes were downloaded from <http://www.mirbase.org/ftp.shtml>. The coordinates of the category "genomic safe harbours" were derived from the intersection of the coordinates of all safe harbour sub-categories for the hg19 genome assembly.

mESC immunostaining {#S24}
-------------------

To test the maintenance of pluripotency after transfection/electroporation, mESCs were tested for expression of the self-renewal marker Oct4. Cells were fixed for 10 min with 4% PFA in PBS and quenched with 150 mM glycine in PBS for 5 min at RT. Cells were blocked for 30 min in PBS buffer containing 5% BSA and incubated overnight at 4 °C with anti-Oct4 antibody (Oct-3/4, Santa Cruz). Cells were washed and incubated with an anti-mouse secondary antibody (F(ab\')2-goat anti-mouse IgG (H+L) secondary antibody, Pacific blue conjugate from Invitrogen, for 2 h at RT. Cells were analysed on a LSRFortessa flow cytometer (BD BioScience).

Immunofluorescence staining {#S25}
---------------------------

Apheresis products were obtained from healthy donors after written informed consent to participate in a research study. The study was approved by the Institutional Review Board of the University of Würzburg. Mononuclear cells were isolated by density centrifugation with Biocoll separating solution (Biochrom), and CD4^+^ and CD8^+^ T cells were sorted by magnetic associated cell sorting (MACS) using untouched kits (Miltenyi). CD8^+^ and CD4^+^ primary human T cells were either left unstimulated or activated by anti-CD3/CD28 bead stimulation (Thermo Fisher). Nunc™ Lab Tek™ II 8-well Chamber Slides™ (Thermo Fisher) were coated with Poly-D-Lysine (33 μg/mL; Merck Millipore). T cells were seeded onto Poly-D-Lysine coated 8-well chamber slides (1 x 10^5^ cells per well in 200 μl RPMI-1640 supplemented with 10% (v/v) human serum, 2 mM L-glutamine, 100 U/ml penicillin-streptomycin) one day prior to immunofluorescence staining. HeLa cells were seeded onto un-coated 8-well chamber slides (2 x 10^4^ cells per well in 500 μl DMEM supplemented with 10% (v/v) human serum and 2 mM L-glutamine).

On the next day, cells were incubated with 2 μg hsSB in a volume of 200 μl/well serum-free RPMI-1640 (T cells) or 1.86 μg hsSB in a volume of 500 μl/well serum-free DMEM (HeLa cells) for 3 hours. Then, media was aspirated and cells were fixed with 300 μl/well Fixation/Permeabilization solution (BD Biosciences) and permeabilized with 300 μl/well 0.1% (v/v) Triton™ X-100 (Sigma-Aldrich). Slides were washed 3 times with 300 μl/well PBS and incubated with 300 μl/well 5% (v/v) BSA (Sigma-Aldrich) for 30 min at room temperature to block unspecific binding. Slides were washed 2 times with PBS for 5 minutes and incubated with anti-SB antibody (100 μl/well; diluted 1:100 in 1% (v/v) BSA; goat polyclonal IgG; R&D systems) for 1 hour at room temperature. Slides were washed 4 times with 200 μl/well 1% (v/v) BSA and incubated for 45 minutes in the dark with anti-goat Alexa Fluor^®^ 488 antibody (100 μl/well; diluted 1:1000 in 1% (v/v) BSA; Thermo Fisher). Slides were washed 4 times with 500 μl/well PBS and SlowFade™ Gold Antifade Mountant with DAPI (Thermo Fisher) was applied. Slides were covered with a coverslip and stored at +4°C. Cells were imaged with a Zeiss LSM 780 confocal microscope (using a 63x oil submersion objective) in the ALMF core facility at EMBL Heidelberg. For imaging, the middle part of the nucleus was in the focus to detect nuclear localization of hsSB.

Statistical methods {#S26}
-------------------

All analyses were performed with Excel software. Data are presented as means with error bars representing s.d. or s.e.m. as indicated in figure legends.
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![Design and characterization of the hsSB protein variant.\
**a**, Schematic representation of genome engineering by SB transposase. LE and RE mark the left and right transposon end sequences, respectively. Cargo gene transfer in the target genome is executed by the transposase, expressed from a plasmid vector (bent arrow) in the target cells. **b**, Domain composition of the SB protein and crystal structure of the SB100X transposase catalytic domain (PDB 5CR4)^[@R35]^ with the hsSB mutations marked (red). Structurally buried cysteines (grey) were mutated as control. **c**, Thermal melting curves of the SB100X and hsSB proteins followed by Circular Dichroism (CD) spectroscopy. Increased CD signal at 206 nm reflects unfolding of α-helices. Experiment was repeated independently two times with similar results. **d**, *In vitro* cleavage assays with SB100X or hsSB and radiolabeled transposon end DNA substrates. ^32^P-labeled substrates (asterisk) are separated from reaction products on denaturing PAGE. Arrow indicates specific cleavage product (17 nt). The marker (M) is 17 nt; (-) no protein. **e**, *In vitro* integration assays detecting insertion of transposon end DNA into a target plasmid. Expected integration products are marked (arrow) on a native agarose gel. **d**,**e**, Experiments were repeated independently three times with similar results. **f**, Transposition assay demonstrating the *in cellulo* activity of the SB100X and hsSB proteins delivered on an expression plasmid in HeLa cells. Mean values; error bars indicate the s.e.m. (*n* = 3 independent experiments). Difference between SB100X and hsSB samples is not significant as estimated by an unpaired two-sided *t*-test (*P* value = 0.446). Colony counts were corrected for the dilution used. The control (Ctrl) cells did not contain SB expression plasmid.](EMS84371-f001){#F1}

![Efficient cell engineering by direct hsSB delivery.\
**a**, Schematic representation of the hsSB-based engineering procedure, using two alternative reporter systems (1, with neomycin-resistance cassette \[neo^r^\]; 2, with Venus gene). **b**, Number of colonies with neo^r^ insertions following direct transfection of different amounts of hsSB transposase. Mean values; error bars represent s.e.m. (*n* = 3 independent experiments). **c**, Representative sites of hsSB-mediated insertions as derived by sequence analysis of the neo^r^ locus from isolated neo^r^ positive HeLa cell clones. Grey boxes represent the transposon ends; Chr., chromosome. **d**, Western blot analysis showing differential retention of hsSB delivered into HeLa cells as protein (10 μg) or expressed from plasmid DNA (500 ng). Samples were blotted with either anti-SB antibody or anti-GAPDH (glyceraldehyde 3-phosphate dehydrogenase) as internal loading control. Experiment was repeated independently two times with similar results. **e**, The average number of neo^r^ insertions per HeLa cell genome, mediated by hsSB delivered as a protein or expressed from plasmid, as measured by two independent digital droplet PCR assays.](EMS84371-f002){#F2}

![Direct hsSB delivery allows for efficient transgenesis in diverse mammalian cells and stem cells.\
**a**, Representative flow cytometric analysis of HeLa cells (top), Chinese hamster ovary (CHO) cells (middle) and mouse embryonic stem cells (mESCs; bottom) transfected with Venus-carrying transposon plasmids and electroporated with hsSB transposase. Cells stably expressing an integrated Venus gene were identified 3 weeks post-transfection. The electroporated hsSB amounts are indicated above (NT: non-transfected). X-axis, green fluorescence from Venus; y-axis, propidium iodide (PI) staining intensity to exclude dead cells. **b**, Transposition efficiency of hsSB protein in different cell lines, quantified by flow cytometry. Mean values (*n* = 2 independent experiments). **c**, Representative flow cytometry plots from human hematopoietic stem and progenitor cells (HSPCs) engineered with Venus-carrying transposon plasmids and electroporated hsSB transposase, analyzed 3 weeks post-delivery. Experiment was repeated independently two times with similar results.](EMS84371-f003){#F3}

![CD19 CAR T cell generation by SBprotAct and functional analysis of the cell product.\
**a**, CD8^+^ T cells were isolated from the peripheral blood of healthy donors and transfected with CD19 CAR minicircle and hsSB protein. Representative FACS plots are shown. The electroporated hsSB amounts are indicated above each plot (NT: non-transfected). X-axis, fluorescence from EGFRt specific antibody (EGFRt-AF647); y-axis, 7-Aminoactinomycin D (7-ADD) staining intensity to exclude dead cells. **b**, Phenotype of enriched CAR-positive cells (EGFRt serves as marker) generated with CAR MC and hsSB (MC-hsSB) or CAR MC and SB100X MC (MC-MC) following expansion with irradiated CD19^+^ feeder cells prior to functional assays. Representative FACS plots with fluorescence from CD8 and EGFRt specific antibodies (y-axis, CD8-PE-Cy7; x-axis, EGFRt-AF647). MFI, mean fluorescence intensity. **a**,**b**, Experiments were repeated independently three times using cells from three different donors showing similar results. **c**, Cytolytic activity of CD19 CAR T cells generated by SBprotAct or MC-MC. Cytolysis was calculated from the luminescence signals of ffLuc-expressing target cells in a 4 h co-culture assay in the presence of excess luciferin. Data were obtained from *n* = 3 independent experiments with *n* = 3 different T cell donors. Mean values; error bars represent s.d.; NT, non-transfected. E:T ratio, effector to target ratio. **d**, The average number of CAR transgene insertions per CAR T cell genome as measured by two independent digital droplet PCR assays. **e**, Analysis of hsSB protein, SB 100X MC and HIV mediated insertions in human T cells. The left panel shows the frequency of insertions (%) in genomic safe harbors. The occurrences of insertions in gene-related segments of the human genome are presented as fold-changes compared to the random expected frequency (set to 1) on the right. Red and blue shades signify over- and under-representation, respectively. **f**, NSG mice received intravenous injections of 5 × 10^5^ Raji-ffLuc lymphoma cells (day 0). Seven days later, mice were treated with 5 × 10^6^ CD19 CAR T cells or non-transfected control T cells (NT) and imaged at the indicated time points. A summary of luminescence signals (left) and images of individual mice (right) are displayed.](EMS84371-f004){#F4}

![hsSB transposase has intrinsic cell penetrating properties, allowing engineering of HeLa cells and iPSCs.\
**a**, Schematic representation of the cell engineering procedure, using spontaneous hsSB penetration. **b**, Immunofluorescence imaging of hsSB-treated (top) and non-treated (bottom) HeLa cells, showing DAPI-stained nuclei (left, blue), hsSB staining (middle, green) and the merge (right). Arrows mark cells with hsSB in the nucleus. **c**, Western blot analysis showing cellular uptake and retention of hsSB in HeLa cells upon addition to the culture media. Samples were blotted with either anti-SB antibody or anti-GAPDH (glyceraldehyde 3-phosphate dehydrogenase) as internal loading control. **d**, Representative flow cytometric analysis of HeLa cells transfected with Venus-encoding transposon MC and incubated with hsSB. Venus positive cells were sorted after 2 days and analyzed 3 weeks post-delivery. X-axis: green fluorescence from Venus; y-axis: 4',6-diamidino-2-phenylindole (DAPI) staining to exclude dead cells. hsSB protein concentration in the culture media is indicated above each plot (NT: non-transfected). **e**, Western blot analysis of iPSCs following hsSB penetration from the culture media, blotted with anti-SB antibody or anti-lamin B1/B2 as loading control. **f**, Representative flow cytometric analysis of induced pluripotent stem cells (iPSCs) 3 weeks after transfection with Venus transposon MC and incubation with hsSB. **b-f**, Experiments were repeated independently two times with similar results.](EMS84371-f005){#F5}

![Generation of CAR T cells by spontaneous hsSB penetration.\
**a**, Schematic representation of T cell engineering procedure using spontaneous hsSB penetration. **b**, Immunofluorescence imaging of T cells showing DAPI-stained nuclei (blue), hsSB staining (green) and the merge. Cells stained in absence of primary SB antibody are shown below (IF control). Experiments were repeated two times using cells from different donors with similar results. **c**, Flow cytometric analysis of CD8^+^ T cells transfected with transposon minicircles (MC) and incubated with hsSB. CD8^+^ T cells from healthy donors were transfected with CD19 CAR MC and enriched for CAR-positive cells (using EGFRt as marker) by magnetic associated cell sorting (MACS). Representative FACS plots are shown with fluorescence from CD8 and EGFRt specific antibodies (CD8-VioBlue and EGFRt-AF647, respectively). hsSB concentration in the culture media are indicated above each plot (NT: non-transfected). Experiments were repeated three times from three different T cell donors with similar results. **d**, Cytolytic activity of CD19 CAR T cells generated by hsSB penetration or MC-MC controls. Cytolysis was calculated from the luminescence signals of ffLuc-expressing target cells in a 5 h co-culture assay in the presence of excess luciferin (NT: non-transfected; E:T ratio: effector to target ratio). Data were obtained from n = 3 independent experiments with one T cell donor. Mean values; error bars represent the s.d. **e**, The average number of CAR transgene insertions per CAR T cell genome as measured by four independent digital droplet PCR assays.](EMS84371-f006){#F6}

[^1]: These authors jointly supervised this work
